We evaluated the variations of the magnetic hysteretic behaviour of Fe-1wt%Cu model alloy samples due to thermal aging and over-aging. In these alloys, the formation and growth of Cu-precipitates during the thermal aging process results in mechanical hardening, whereas for aging times higher than a certain critical value, mechanical softening occurs. Magnetic hysteretic properties such as permeability, remanence, peak value and width of the local interaction field distribution, which is related to the Preisach model, are measured as a function of various Cu-precipitation stages obtained by time dependent heat treatments at 773 K (500 • C). We found that all magnetic parameters exhibit an extremum value for the peak hardening sample. Furthermore, the variation of permeability, remanence, and the peak value of the local interaction field distribution mimics the behaviour of the reciprocal value of the yield stress as a function of aging time. These results suggest that the magnetic domain wall movement is hindered mainly by Cu-precipitates upon thermal aging. The peak hardening values of the investigated magnetic parameters change by approximately 50% when compared with the initial values. This pronounced sensitivity indicates the potential of magnetic non-destructive evaluation for the assessment of the hardening and softening phenomena induced by Cu-precipitation.
Introduction
Cu-alloyed steels are commonly used as materials for reactor pressure vessels in nuclear power plants, mainly because these steels exhibit an improved strength at elevated reactor operating temperatures (≈300
• C). However, neutron irradiation is known to cause embrittlement of iron-based materials such as reactor pressure vessel (RPV) steels during long-term service. Neutron irradiation is known to enhance the creation of nano-size defects, such as the formation and growth of Cu-rich precipitates (CRPs) and the increase in matrix damage (e.g. vacancy-interstitial clusters). Both CRPs and matrix damage impede the dislocation motion, resulting in undesired changes in the material properties, such as a decrease in toughness and ductility, and an increase in ductileto-brittle transition temperature, hardness and yield stress [1] . Hence, the embrittlement of RPV steels is a main concern for the nuclear industry in order to cope with extended life times of nuclear power plants.
In order to study in detail the hardening and embrittlement processes due to Cu-precipitation, separately from the effects of irradiation-induced matrix damage, the investigation of the thermal aging of Fe-Cu model alloys at approximately 500
• C has been a common and adequate practice for many years [2] [3] [4] [5] . By deliberately choosing the annealing temperature sufficiently low (500
• C) compared with the solubility limit (i.e. 750
• C for Fe-1wt%Cu [6] ), the predominant microstructural variation during the thermal aging process is the formation and growth of Cu-precipitates. The origin of the variation in the macroscopic material properties being further investigated in this paper (both mechanical and magnetic properties) is therefore related to the size and morphology of the Cu-precipitates.
Conventionally, destructive tests such as Charpy impact tests [1] are used to evaluate embrittlement and fracture toughness, both for RPV steels and model alloys. On the other hand, non-destructive evaluation (NDE) tests, such as magnetic NDE techniques [7] [8] [9] , can be considered as possible replacement techniques since their advantage is that the surveillance specimens can be reused. In this paper, we explore the possibility of the advanced evaluation of magnetic hysteretic properties, for the assessment of the hardening and softening of a Fe-1wt%Cu model alloy, due to the copper precipitation induced by thermal aging. We found that the specific microstructural variations due to thermal aging, which are related to the morphology of the CRPs, cause substantial variations of the macroscopic magnetic hysteretic properties.
Preisach formalism as tool for magnetic NDE
Magnetic NDE techniques are generally based on the knowledge that the development of microstructural defects and the variations of the internal micro stress distributions around those defects influence the magnetic domain wall motion, leading to altered macroscopic magnetic hysteretic properties [10] . The Preisach hysteresis model [11] can be very useful for magnetic NDE purposes since it takes into account the overall magnetic hysteretic behaviour. Basso et al introduced the application of the Preisach hysteresis model for microstructural identifications [12] . As explained in [13] , it is possible to take microstructural effects like grain size and dislocation density into account in the Preisach model. Moreover, analysis done by Melikhov and co-workers shows that the Preisach distribution function is a sensitive material characteristic towards nondestructive evaluation in general [14] .
The classical Preisach hysteresis model [11] 
The Preisach distribution function can be directly extracted out of the experimentally obtained magnetization loops. Here, a whole set of measured quasi-static symmetric magnetization loops, from low to high magnetic induction levels, serves as experimental input for the evaluation technique. Firstly, the set of irreversible hysteresis loops is arranged into Everett maps [11] . The two-dimensional Everett function E(α, β), with α = h m + h c and β = h m − h c , can be defined as follows: when the magnetic field H varies, starting from an extremal field value α to a field value β, in such a way that no past extremal values of H are evaded from the material memory, then E(α, β) is the absolute value of the irreversible magnetization variation that corresponds to the magnetic field trajectory from α to β. Secondly, the PDF is obtained by deriving the Everett function twice, P = −∂E(α, β)/∂α∂β. The PDF does not change during the magnetization process and characterizes the microstructure and the material under investigation. In this context, the features of the Preisach model can be used as a tool for magnetic NDE: the PDF acts as a 'snapshot' for the microstructural state of the material.
Sample preparation and characterization
The Fe-1wt%Cu model alloy is prepared by melting an ultra low carbon steel in air, and then adding the appropriate amount of pure copper. Details about the preparation and the chemical composition of the samples are presented in [15] . After being cooled down, the material is heated up to 1050
• C, followed by hot rolling. In order to obtain a full solid solution of the copper, a normalization heat treatment for 1 h at 850
• C is carried out, followed by water quench. Different samples are cut from the same sheet and subjected to a thermal aging process: heat treatment is performed at a constant temperature of 500
• C in an argon atmosphere, for several aging times t a : 0.17, 1, 3, 15, 80 and 120 h. The heat treatment is followed by fast quenching into iced water.
Thermally aged samples from the same batch are characterized both macroscopically and microscopically. We performed mechanical tensile tests, internal friction experiments and small angle neutron scattering (SANS) experiments. The tensile test results and internal friction data are already reported in [15] . As shown in figure 1 , the sample aged for t a = 15 h has the highest yield stress σ y and therefore represents the peak hardening regime. For samples with lower aging times, σ y increases as a function of t a , whereas for the samples that are aged for more than 15 h, σ y decreases with t a . This is fully in agreement with previously published results [16] . Further, the flow curve (i.e. true stress σ as a function of true plastic strain p ) can be expressed by Hollomon's power law σ = K( p ) n , in the case of uniform plastic deformation, in other words until the onset of necking. The strain hardening index n and the strength coefficient K are shown in figure 2 as a function of aging time. The strength coefficient K mimics the behaviour of the yield stress, whereas the strain hardening index n continuously decreases with aging time indicating the loss of strain hardening capability with aging time.
The SANS experiments are performed at the Paul Scherrer Institut in Switzerland. The cold neutron guide 1RNR16 is used, with a helical slot velocity selector monochromator, equipped with a 2D
3 He-detector. The SANS results are used to quantify the size distribution of the Cu-rich precipitates. As can be seen in figure 3 and table 1 , the SANS data confirm the expected increase of the precipitate size as a function of thermal aging time. 
Magnetic characterization: experimental details
The magnetic measurements are performed on rectangular samples (dimensions 1.3 × 1.3 × 26 mm 3 ) with a specially designed miniature single sheet tester (SST). The investigated sample is surrounded by the magnetic sensor, consisting of two windings, an outer excitation coil and an inner winding giving rise to the induced voltage V i . Integration of V i by an analog integrator results in the mean magnetization in the cross section of the sample, M. The excitation current is proportional to the applied magnetic field H a . Two U-shaped laminated yokes of high quality electrical steel are placed above and under the sample in order to close the flux path. The magnetic path length of the SST is fixed at 20 mm. To avoid substantial dynamic effects, all measurements are performed at an excitation frequency of 0.2 Hz. To fully characterize the magnetic hysteretic behaviour, for each specimen a set of 40 quasi-static first order symmetric magnetization loops is measured, for a range of peak magnetization values, with steps of (µ 0 M) ≈ 0.04 T. The experimentally obtained magnetization loops are then analysed as a function of aging time: (1) based on the conventional hysteresis loop parameters, and (2) based on Preisach hysteresis model features.
Results and discussion
A selection of the experimentally obtained magnetization loops is shown in figure 4: for three samples, i.e. the initial one and the samples aged for 15 h and for 120 h, the magnetization loop at a peak magnetization level of 1.2 T is visualized. In figure 5 we plot as a function of aging time the variations of conventional hysteresis parameters such as remanence, coercivity and From the behaviour of the investigated mechanical and magnetic parameters as a function of the thermal aging at 500
• C we identify three main regimes: aging times lower than 15 h (regime I), aging times around 15 h (regime II) and aging times larger than 15 h (regime III). When analysing the conventional magnetic hysteretic parameters and the Preisach parameters shown in figures 5 and 9, respectively, we see that these magnetic parameters as a function of aging time fully mimic the behaviour of the yield stress, or its reciprocal value, depending on whether the magnetic parameter increases or decreases with aging time in regime I (t a < 15 h). Accordingly, regime I has been found to correspond to the solid solution hardening regime, regime II to the peak hardening, and regime III to the over-aging (softening) regime. This behaviour of mechanical hardening followed by softening can be related to the morphology of the Cu-rich precipitates (CRPs). The formation and growth of CRPs is well documented in the literature, e.g. microstructural analysis has shown [4] that with increasing aging time the mean CRP size increases (from initially 1 to 3 nm at peak hardening, and further increasing in the over-aged regime), and that the distance between the CRPs increases. Our SANS experiments (see figure 3 and table 1) confirm the increase in the CRP size and the decrease in the CRP density for the thermally aged Fe-1wt%Cu samples investigated here.
Current understanding of the hardening and softening behaviour is based on the idea that the hardening occurs due to the resistance created by the precipitates to the dislocation movement. The Cu-precipitates form obstacles to the dislocation motion, since their shear modulus is smaller than that of iron. If, in addition, dislocations are assumed to be flexible, different sections of the dislocation line will be able to move partially independently from each other. So, above a certain critical precipitation size (which can also be regarded as the critical distance between precipitate clusters) the created stress in the matrix will no longer induce resistance to dislocation motion, and the material should re-establish a lower elasticity limit [17] .
Furthermore, experimental studies [4, 6] indicate that the Cu-precipitation sequence characteristic for Fe-Cu alloys is as follows: BCC → 9R → FCC. Starting from Cu in solid solution BCC Cu-precipitates are formed, which are fully coherent with the Fe-matrix, but are metastable. When the CRPs reach a critical size (≈3 nm, regardless of the total Cu-concentration) the coherency strain energy becomes too large and a strain-induced martensitic transformation to the 9R lattice structure occurs, which is FCC-like with a high density of twins, which help to minimize the misfit with the iron matrix. At larger sizes (≈20 nm), the CRPs further evolve to the equilibrium FCC phase. In any of these cases, the Cu-precipitates induce a certain distortion of the Fe-crystal lattice, resulting in an internal micro stress field distribution, which is localized not only inside the precipitates but also in the Fe-matrix close to the precipitates.
Concerning the magnetic behaviour, it is known that the magnetic domain wall movement is influenced by internal micro stress fields [18] due to the magneto-elastic interaction of domain walls with micro stress fields. In the case of thermal aging, the observed variations of the investigated macroscopic magnetic parameters due to the thermal aging process can be related to the interplay of the magnetic domain walls and the localized micro stress fields around the CRPs. Furthermore, atomistic simulations using the molecular dynamics method [19] indicate that the growth of precipitates and the phase transformation of the CRPs (from coherent BCC to incoherent 9R) induce changes in the micro stress fields: as a function of CRP size, the magnitude of the internal compressive stress fields in the vicinity of the CRPs first increases and then decreases. The largest (compressive) internal stresses are found for a CRP size of approximately 2.5 nm [19] . The variation of the magnetic properties as a function of aging time is in agreement with this evolution of the micro stress fields during the Cu-precipitation process [19] . For instance, the maximum differential permeability µ r,d,max is a measure of the mean free path length of the magnetic domain wall movement once the magnetic domain wall is depinned. Due to the micro stress field distribution the mean free path length is decreasing during the hardening stage and increasing during mechanical softening, which is in agreement with the experimentally observed variation of µ r,d,max during the thermal aging process. Also, the variations of peak value Q m,max and the width b of the local interaction field distribution, as a function of the aging time, indicate that the largest interaction between the domain walls occurs at peak strength, where the internal micro stress level is highest.
Conclusion
The formation and growth of Cu-precipitates during the thermal aging process leads to variations of the investigated magnetic hysteretic properties. The regimes that can be indicated in their relation to the aging time correspond to the mechanical hardening and softening regimes. The hardening regime corresponds to small coherent Cu-precipitates, which obstruct the dislocation motion and the magnetic domain wall movement, whereas the softening regime corresponds to larger and well separated incoherent Cu-precipitates, which are softer obstacles to both dislocations and magnetic domain walls. Furthermore, the extremum values of the magnetic parameters correspond to the mechanical peak hardening. Moreover, when compared with the initial case, the peak hardening values of the magnetic parameters, such as remanence, maximum permeability, width and peak value of the local interaction field distribution, change by approximately 50% or more. This pronounced sensitivity indicates the potential of magnetic NDE for the evaluation of hardening and softening phenomena induced by Cu-precipitation.
